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ABSTRACT
We have obtained high resolution spectropolarimetric data for the planet-hosting star
τ Bootis, using the ESPaDOnS spectropolarimeter at CFHT. A weak but clear Stokes
V signature is detected on three of the four nights of June 2006 during which we have
recorded data. This polarimetric signature indicates with no ambiguity the presence
of a magnetic field at the star’s surface, with intensity of just a few Gauss.
The analysis of the photospheric lines of τ Boo at ultra-high signal-to-noise reveals
the presence of an 18% relative differential rotation. Tentative Zeeman-Doppler imag-
ing, using our spectropolarimetric observations covering only a fraction of the star’s
rotational phase, indicates a magnetic field with a dominant potential field compo-
nent. The data are best fitted when a 3.1d period of modulation and an intermediate
inclination are assumed. Considering the level of differential rotation of τ Boo, this
implies a rotation period of 3.0d at the equator and of 3.7d at the pole, and a topology
of the magnetic field where its main non-axisymmetric part is located at low latitudes.
The planet is probably synchronised with the star’s rotation at intermediate lat-
itudes, while the non-axisymmetric part of the magnetic field seems located at lower
latitudes. Our limited data do not provide sufficient constraints on the magnetic field
to study a possible interaction of the planet with the star’s magnetosphere. Investi-
gating this issue will require data with much better phase coverage. Similar studies
should also be performed for other stars hosting close-in giant planets.
Key words: stars: magnetic fields – stars: planetary systems.
1 INTRODUCTION
It has been recently conjectured that giant planets in close-
in orbits can influence significantly the magnetic activity of
their parent stars, through tidal interaction, or via magnetic
coupling between the star’s and the planet’s fields (Cuntz et
al. 2000, Rubenstein & Schaefer 2000). Such a scenario is
strongly suggested in the case of HD 192263, which has a
planet with M sin i = 0.72MJ orbiting at 0.15 AU in 24.3d,
by the cyclical photometric variations with a similar period,
stable over almost 4 years (Henry et al. 2002, Santos et al.
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2003). In addition, Shkolnik et al. (2003, 2005) monitored
chromospheric activity of several giant planet-hosting stars
in the Ca II H & K lines, and found clear evidence for cycli-
cal variations of chromospheric signatures synchronised with
the planet orbits in the case of two of them, HD 179949
(planet with M sin i = 0.98MJ , Porb = 3.09d, semi-major
axis = 0.045 AU) and υ And (planet withM sin i = 0.71MJ ,
Porb = 4.62d, semi-major axis = 0.059 AU). These authors
offer an interpretation of the interaction between the planet
and the star’s magnetic field, in which Alfve´n waves are gen-
erated by the slow relative azimuthal motion of the planet
with respect to the stellar magnetic field.
The star τ Boo (F7V), which has a giant planet com-
panion orbiting in 3.31 d at 0.049 AU with a minimum mass
M sin i of 4.4 MJ (Butler et al. 1997, Leigh et al. 2003), does
not show such synchronised Ca II H & K line variations.
Shkolnik et al. (2005) argue that this is consistent with their
Alfve´n wave model, if the star is tidally locked by its hot gi-
ant planet. Ca II H & K spectrophotometric monitoring of
τ Boo during several seasons indeed suggests rotation peri-
ods ranging between 2.6 and 4.1d, depending on the season
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Table 1. Journal of ESPaDOnS observations of τ Boo. The last
column gives the peak signal-to-noise ratio per velocity bin of
2.6 km s−1, obtained at wavelengths near 700 nm. The orbital
phases are calculated using the ephemeris of Collier Cameron (pri-
vate communication, see text). The phase origin is taken as the
time of planet opposition.
UT date HJD orbital texp S/N
(dd/mm/yy) (2400000+) phase (s)
13/06/06 53899.75127 0.4785 800 2000
13/06/06 53899.76233 0.4820 600 1700
13/06/06 53899.77276 0.4855 600 1700
13/06/06 53899.78216 0.4879 600 1700
13/06/06 53899.79145 0.4914 600 1700
13/06/06 53899.80073 0.4938 600 1700
17/06/06 53903.78645 0.6966 600 1700
17/06/06 53903.79580 0.7002 600 1700
18/06/06 53904.78201 0.9974 600 1600
18/06/06 53904.79143 0.0009 600 1600
19/06/06 53905.83950 0.3169 1200 1500
19/06/06 53905.85570 0.3217 1200 1400
(Henry et al. 2000). This large interval is indicative of a pos-
sible differential rotation at the star’s surface, active regions
being located at different latitudes during different seasons.
The planet orbital period is therefore possibly identical to
the rotation period of the star at a particular latitude. More-
over, recent ultra-high precision photometric monitoring us-
ing the MOST asteroseismology satellite (Walker et al. 2003,
Matthews et al. 2004) indicates the possible presence of an
active spot located near the sub-planetary longitude, sta-
ble over more than 100 orbits (Walker et al. 2005). Finally,
high precision linear polarisation monitoring of τ Boo re-
veals very low amplitude modulation of the fractional linear
polarisation, although the origin of such modulation is still
unclear (Lucas et al. 2006).
Clearly, the direct detection of a magnetic field at the
surface of τ Boo, and the determination of its topology
would constitute a powerful way of investigating the possible
relationship between the planet and the star’s magnetism.
This would be a first step of a more complete statistical
study of magnetic fields in stars hosting hot giant exoplan-
ets, aimed at characterizing the interaction of exoplanets
with the magnetic field of their parent stars.
This paper presents the first direct detection of the mag-
netic field of τ Boo, and a tentative mapping of its topol-
ogy from our fragmentary data set. Section 2 describes the
observations and data reduction. In Sect. 3, we present the
results of our analysis, concerning the differential rotation of
the star’s surface, the magnetic field intensity and topology,
as well as the rotation period and inclination angle of the
star. Section 4 provides a general conclusion and comments
on future prospects of this work.
2 OBSERVATIONS AND DATA REDUCTION
We used the ESPaDOnS spectropolarimeter installed on the
3.6m Canada-France-Hawaii Telescope (Donati et al. 2006,
in preparation). The star τ Boo was observed during 4 nights
in June 2006, each night for durations ranging from 20 to
60 minutes. Table 1 presents the log of the observations.
The data were obtained in the polarimetric configura-
tion of ESPaDOnS, yielding a spectral resolution of about
65,000. All spectra were recorded as sequences of 4 indi-
vidual subexposures taken in different configurations of the
polarimeter, in order to yield a full circular polarisation anal-
ysis, as described in Donati et al. (1997) and Donati et al.
(2006, in preparation). No linear polarisation analysis was
performed. The data were reduced with the automatic re-
duction package ”Libre-ESpRIT” installed at CFHT (Do-
nati et al. 1997, Donati et al. 2006 in preparation). Stokes
I and Stokes V spectra are obtained by proper combina-
tions of the 4 subexposures, while check spectra, labelled as
N spectra, are calculated by combining the subexposures in
such a way to yield a null spectrum, that can be used to
verify the significance of the signal measured in Stokes V .
We subsequently applied the Least-Square Deconvolu-
tion (LSD) method described in Donati et al. (1997) to con-
struct average photospheric profiles both of the Stokes I and
V parameters. The LSD technique builds the mean photo-
spheric line profile, both in Stokes I and V by deconvolving
the observed spectrum from a line mask including all lines
present in a synthetic spectrum of the star. The line mask
used here was computed using a Kurucz Atlas 9 model with
Teff = 6250 K and Log g = 4.0, and includes about 4,000
lines with depth relative to the continuum larger than 0.4.
We measured the heliocentric radial velocity of τ Boo by
fitting a gaussian to the LSD I mean profile. The star’s reflex
motion due to the planet revolution is clearly seen in our
Vrad measurements, which agree with the planet ephemeris:
JD0 = 2453450.984 (time of opposition); Porb = 3.31245 d;
amplitude = 0.474 km s−1, eccentricity = 0, provided by
Collier Cameron (private communication), with a residual
dispersion of about 20 m s−1. This ephemeris is within the
error bar of that published by Shkolnik et al. (2005).
All Stokes I and V LSD profiles were subsequently con-
verted to the star’s rest frame by correcting the velocity
scale for the orbital motion.
3 RESULTS
3.1 Fundamental parameters of τ Boo
Most basic fundamental parameters of τ Boo are compiled
in Table 1 of Leigh et al. (2003), and we adopt them in
the present paper: spectral type F7V; Teff = 6360 ± 80 K;
[Fe/H ] = 0.27 ± 0.08; MV = 4.496 ± 0.008; mass M∗ =
1.42±0.05 M⊙; radius R∗ = 1.48±0.05 R⊙; age 1.0±0.6 Gyr.
The rotational parameters of τ Boo are less well known,
in particular its rotation period Prot, which is believed to be
between 2.6 and 4.1d (Henry et al. 2000). Several authors
have suggested that the star’s rotation and the planet or-
bital motion are tidally locked, implying a rotation period
of 3.31d for the star (Leigh et al. 2003, Collier Cameron &
Leigh 2004, Shkolnik et al. 2005). This hypothesis has never
been directly verified observationally. The photospheric line
profiles are reasonably well fitted assuming a turbulent ve-
locity of 5.5 kms−1 and an homogeneous surface rotation
with v sin i = 14.5 ± 0.1 km s−1 (see Sect. 3.2).
These values and error bars for Prot, v sin i and R∗ in-
dicate an intermediate inclination of the rotation axis with
respect to the line of sight, 30◦ 6 i 6 60◦, the main un-
certainty being related to the large error bar on Prot. An
c© 2006 RAS, MNRAS 000, 1–??
The magnetic field of the planet-hosting star τ Bootis 3
Figure 1. Fourier transform of the LSD average photospheric
profile of τ Boo (solid line), compared to theoretical profiles as-
suming a solid rotation with v sin i = 14.5 km s−1 (dotted line)
and a differential rotation with a projected equatorial rotation
velocity Veq sin i = 15.9 km s−1, a projected polar rotation veloc-
ity Vpole sin i = 13.0 km s
−1, and an inclination angle i = 40◦
(dashed line).
inclination angle i = 40◦, corresponding to a rotation pe-
riod identical to the planet orbital period, is often consid-
ered as the most probable value (Leigh et al. 2003, Collier
Cameron & Leigh 2004). However, a better direct determi-
nation of Prot would be of great importance, as it would
allow us to measure the inclination angle i with a better ac-
curacy and reliability. Since the star’s rotation axis and the
planet orbital axis are certainly aligned, this would increase
the accuracy of the planet mass determination.
3.2 The differential rotation of τ Boo
We averaged all Stokes I profiles obtained during this run,
evaluated in the star’s rest frame, and calculated the Fourier
transform of the resulting very high signal-to-noise profile,
in order to analyze the projected rotation and potentially
the surface differential rotation of τ Boo, using the method
described in Reiners & Schmitt (2003). These results are pre-
sented in Fig. 1, where the Fourier transform of the observed
profile is compared to both rigidly rotating and differentially
rotating models. We see clearly the first two zeros of the
Fourier transform, and measure a ratio q2/q1 = 1.60 ± 0.02
of the positions of these zeros. This value agrees well with,
but has a better precision than that measured by Reiners
(2006), q2/q1 = 1.57± 0.04. Rigidly rotating models include
a turbulent velocity of 7.0 kms−1 (FWHM = 11.7 kms−1),
necessary to reproduce the photospheric profile, while the
needed turbulent velocity in the case of differential rotation
is only 5.5 km s−1 (FWHM = 9.2 kms−1).
This value of q2/q1, as well as the direct comparison of
the Fourier transform of the observed profile with theoreti-
cal profiles, clearly demonstrate the presence of a significant
surface differential rotation. The amount of differential rota-
tion necessary to reproduce the photospheric profile depends
on the inclination angle, which is not well known. With an
Figure 2. LSD unpolarised and circularly polarised profile of
τ Boo, recorded on June 13, 2006. Note that the Stokes V pro-
file is shifted vertically and expanded by a factor 500 for display
purposes.
inclination i = 40◦, which is the most probable value ob-
tained when the star’s rotation and planet orbital motion
are assumed tidally locked, the photospheric profile can be
reproduced assuming an 18% relative differential rotation,
with an equator (resp. a pole) projected rotation velocity
of 15.9 kms−1 (resp. 13.0 kms−1). This corresponds to a
differential rotation dΩ ≈ 0.4 rad.d−1. A lower inclination
i = 30◦, which is not ruled out for τ Boo (see Sect. 3.1),
would lead to a relative differential rotation of only 15%,
with Veq sin i = 15.9 kms
−1 and Vpole sin i = 13.5 kms
−1,
i.e. a differential rotation dΩ ≈ 0.3 rad.d−1.
The photospheric spots accompanying the magnetic
structure described below may produce an asymmetric pho-
tospheric profile, which could impact the determination of
differential rotation, as noted by Reiners & Schmitt (2003).
However, we have verified that there is very little asym-
metry in the case of τ Boo, by comparing the profile to a
mirror version of itself. Besides, the very similar values for
the ratio q2/q1 found by Reiners (2006) and ourselves at ran-
domly selected epochs provides further evidence that spots
induce very little variability on the photospheric profile. We
conclude that our determination of differential rotation in
τ Boo is not significantly affected by photospheric spots.
3.3 Magnetic field
We detect a clear Stokes V signature on June 13, 17 and 19,
2006, while no Stokes V signal is seen in the spectra of June
18, 2006. The noise level in the LSD Stokes V profiles is of
the order of 2 to 3 ×10−5 per spectrum, with a multiplex
gain of about 25 in signal-to-noise ratio from the simultane-
ous use of all lines in the LSD mask. The equivalent noise
level taking all recorded spectra into account is lower than
10−5. As an example, Fig. 2 shows one of the Stokes I and V
LSD profiles recorded on June 13, 2006, in which the Stokes
V signal is clearly detected at more than 10σ, implying with
no ambiguity the presence of a surface magnetic field.
Although our observations cover only a small fraction
c© 2006 RAS, MNRAS 000, 1–??
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of the rotational phase of τ Boo, we attempted to recon-
struct this magnetic field from the set of Stokes V profiles
at our disposal. We used the method fully described in Do-
nati et al. (2006), based on maximum-entropy image recon-
struction of the field topology, approximated by a sum of
successive spherical harmonics. We chose to limit the spher-
ical harmonic decomposition to ℓmax = 10, after checking
that the results are basically unchanged for all values of
ℓmax > 5. Note that the projected rotation velocity at the
equator of τ Boo (Veq sin i = 15.9 km s
−1) is large enough
to obtain more than 10 resolved elements around the star at
the equator, so that the reconstruction should be accurate
for spherical harmonics with ℓ 6 5, whereas the power of the
reconstructed image on higher order harmonics is underes-
timated.
Because the inclination angle i and the star’s rotation
period Prot are not well constrained, we reconstructed mag-
netic images for several values of both parameters, in the
range 30–60◦ for i and 2.6–4.1d for Prot. The interval for
Prot is that given by Henry et al. (2000) for the probable
photometric period of the star, while that for i is discussed in
Sect. 3.1. For each test couple (i, Prot), we reconstructed the
maximum-entropy magnetic image as in Donati et al. (2006),
compared the set of calculated Stokes V profiles to the ob-
served ones, and calculated the corresponding reduced χ2ν .
We first explored solutions involving only potential fields,
then introduced additional toroidal components in a second
step. For the calculation of the reconstructed profiles, we
used a gaussian macroturbulence of 7 kms−1, which leads
to an excellent fit to the Stokes I profile when no differential
rotation is introduced, as seen in Sect. 3.2.
When no differential rotation is included, we find a clear
minimum of χ2ν at a period of 3.1 ± 0.1d. Figure 3 shows
the reconstructed magnetic image of τ Boo, assuming this
rotation period and an inclination angle i = 40◦, while Fig. 4
displays the corresponding fit to the data. Reconstructed
maps for the same value of Prot and other values of the
inclination between 30 and 60◦ are only slightly different.
We find that the model represented by the recon-
structed image leads to a fit of the circular polarisation data
with a reduced χ2ν of 1, while the initial χ
2
ν value with a
model including no magnetic field is of the order of 2. How-
ever, our observations were collected at four epochs only,
implying that the reconstructed image, as well as the con-
clusion concerning the rotation period of 3.1d, must be taken
with caution, and need to be confirmed with further obser-
vations.
We obtain a field of only a few Gauss at the star’s sur-
face, which is one of the weakest stellar magnetic fields de-
tected so far. The solution presented in Figs. 3 and 4 includes
a toroidal component of the magnetic field. Introducing such
a component leads to a field configuration containing about
15% less information than when no toroidal field is assumed,
indicating that it is likely present, although more data would
be necessary to confirm its existence. The fit of the Stokes
V profiles near orbital phase 1.7 is not entirely satisfactory,
indicating that the magnetic field is probably slightly more
complex than our model. Pushing the reconstruction proce-
dure further to improve the fit near this phase would prob-
ably be poorly significant, since the reduced χ2ν is already
near 1. Only more complete data with better phase coverage
will help improve the magnetic image.
Figure 3. Maximum-entropy reconstructions of the magnetic
topology of τ Boo, assuming that the global field can be expressed
as the sum of a potential field and a toroidal field. The three com-
ponents of the field are displayed from top to bottom (flux values
labelled in G); the star is shown in flattened polar projection
down to latitudes of -30◦ with the equator depicted as a bold cir-
cle and parallels as dashed circles. Radial ticks around each plot
indicate orbital phases of observations, counted from the time of
planet opposition.
When the 18% relative differential rotation discussed
in Sect. 3.2 is introduced in the reconstruction, we find a
minimum of χ2ν for an equatorial period of 3.0d. The recon-
structed image is identical to the one with no differential ro-
tation, the configuration implying a rotation period of 3.1d
at the mean latitude of the magnetic spots. In this configu-
ration, the rotation period at the pole is 3.7d. We noted that
the reconstructed image assuming an 18% differential rota-
tion contains 10% less information than images assuming
c© 2006 RAS, MNRAS 000, 1–??
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Figure 4.Maximum-entropy fit (thick lines) to the observed Zee-
man signatures of τ Boo (thin lines). The planet orbital phase and
cycle of each observation are written on the right side of each pro-
file. The phase origin is the time of planet opposition. 1σ error
bars are shown on the left side.
no differential rotation or a 30% differential rotation. This
result provides an independant confirmation of the level of
differential rotation derived from line profiles in Sect. 3.2.
4 DISCUSSION AND CONCLUSION
Our data clearly indicate a surface relative differential rota-
tion dΩ/Ω of about 18%, which corresponds to dΩ ≈ 0.3–0.4
rad.d−1. This level of differential rotation, which is compa-
rable to that observed in many other cool stars (e.g. Reiners
2006), is much higher than that of the Sun, and also signifi-
cantly higher than predicted by Ku¨ker & Ru¨diger (2005) for
F-type stars. This behaviour is also discussed by Marsden et
al. (2006) and Jeffers et al. (2006). We find that the Stokes
V profile variations are best modelled with a modulation
period of 3.1d and an inclination angle of about 40◦. In this
case, the differential rotation of τ Boo implies an equatorial
(resp. polar) rotation period of 3.0d (resp. 3.7d). It is inter-
esting to note that this range of periods between pole and
equator is not very different from that found by Henry et
al. (2000) from spectrophotometric monitoring of the Ca II
H & K lines over several years, possibly interpreted as an
expression of surface differential rotation. The modulation
period of 3.1d corresponds to the star’s rotation at a latitude
of about 25◦.
We have detected a weak magnetic field at the surface
of τ Boo, with intensities of only a few Gauss, i.e. similar
to that of the Sun if it was observed in the same conditions.
On the other hand, the magnetic field topology of τ Boo,
even in the simplified description derived from our limited
data set, seems more complex than that of the Sun. The
reconstructed magnetic image of τ Boo indicates a domi-
nant poloidal field, with the probable presence of a small
toroidal component. More data would be needed to confirm
the existence of this toroidal component. The differential ro-
tation of τ Boo stengthens the idea that this component is
present, since field toroidal components are often associated
with surface differential rotation (Donati et al. 2003, 2006).
The modulation period of the magnetic signature (3.1±0.1d)
seems to be different from the planet orbital period (3.31d).
However, our limited data do not provide strong constraints
on the magnetic topology, and in particular are insufficient
to allow us to model the whole magnetosphere, using field
extrapolation techniques (e.g., Jardine et al 2002), and study
how the giant planet may interact with the stellar magneto-
sphere and possibly trigger activity enhancements correlated
with the planet orbital motion.
The details of the star’s magnetosphere and its potential
interaction with the planet clearly need to be studied in
the future. We note that a similar study for other planet-
hosting stars would be of major interest, in particular for
those stars for which activity in the Ca II H & K lines is
observed, and possibly correlated with the planet orbital
motion, such as HD 179949 or υ And (Shkolnik et al. 2003,
2005). Such studies will require data providing a much better
phase coverage and recorded on a longer time scale than
those presented here. Long spectropolarimetric monitoring
of τ Boo and other planet-hosting stars will also be necessary
to measure precisely their rotation and differential rotation.
ACKNOWLEDGMENTS
We warmly thank the CFHT staff for their efficient help
during the observations. We are indebted to an anonymous
referee for very valuable comments that led to a significant
improvement of this paper.
REFERENCES
Butler, R. P., Marcy, G. W., Williams, E., Hauser, H.,
Shirts, P., 1997, ApJ 474, L115
Collier Cameron, A., Leigh, C., 2004, Astron. Nachr 325,
252
Cuntz, M., Saar, S. H., Musielak, Z. E., 2000, ApJ, 533,
L151
Donati, J.-F., Semel, M., Carter, B.D., Rees, D.E., Collier
Cameron, A., 1997, MNRAS 291, 658
Donati, J.-F. et al., 2003, MNRAS 345, 1145
Donati, J.-F., Forveille, T., Collier Cameron, A., Barnes,
J.R., Delfosse, X., Jardine, M.M., Valenti, J.A. 2006, Sci.
311, 633
Donati, J.-F. et al., 2006, MNRAS, in press
Henry, G. W., Baliunas, S. L., Donahue, R. A., Fekel, F.
C., Soon, W., 2000, ApJ, 531, 415
Henry, G. W., Donahue, R. A., Baliunas, S. L., 2002, ApJ,
577, L111
Jardine, M., Collier Cameron, A., Donati, J.-F., 2002, MN-
RAS, 333, 339
c© 2006 RAS, MNRAS 000, 1–??
6 C. Catala et al.
Jeffers, S.V., Donati, J.-F., Collier Cameron, A., 2006, MN-
RAS, submitted
Ku¨ker, M., Ru¨diger, G., 2005, A&A 433, 1023
Leigh, C., Collier Cameron, A., Horne, K., Penny, A.,
James, D., 2003, MNRAS 344, 1271
Lucas, P.W., Hough, J.H., Bailey, J.A., 2006, Tenth an-
niversary of 51 Peg-B: Status of and prospect for hot
Jupiter studies, Proceedings of Haute-Provence Obser-
vatory Colloquium (22-25 August 2005), L. Arnold, F.
Bouchy & C. Moutou (eds), p. 334
Marsden, S. C., Donati, J.-F., Semel, M., Petit, P., Carter,
B. D., 2006, MNRAS 370, 468
Matthews, J.M. et al. 2004, Nature 430, 51
Reiners A., Schmitt J.H.M.M., 2003, A&A 398, 647
Reiners A., 2006, A&A 446, 267
Rubenstein, E. P., Schaefer, B. E., 2000, ApJ, 529, 1031
Santos, N. C., Mayor, M., Naef, D., Pepe, F., Queloz, D.,
Udry, S., Burnet, M., Revaz, Y., 2000, A&A, 356, 599
Shkolnik, E., Walker, G.A.H., Bohlender, D.A., 2003, ApJ
597, 1092
Shkolnik, E., Walker, G.A.H., Bohlender, D.A., Gu, P.G.,
Ku¨rster, M., 2005, ApJ 622, 1075
Walker, G.A.H. et al., 2003, PASP 115, 1023
Walker, G.A.H. at al., 2006, Tenth anniversary of 51 Peg-B:
Status of and prospect for hot Jupiter studies, Proceedings
of Haute-Provence Observatory Colloquium (22-25 August
2005), L. Arnold, F. Bouchy & C. Moutou (eds), p. 267
c© 2006 RAS, MNRAS 000, 1–??
